ree radicals, such as reactive oxygen species (ROS) which are released abruptly after deflation of an ischaemic tourniquet, cause reperfusion injuries. Ischaemic precondition (IPC), however, can reduce the injury. In clinical practice, the sequential application and release of tourniquets is often used in bilateral total knee replacement (TKR) to obtain a clearer operative field, but the effects on the production of free radicals and lipid peroxidation have not been studied.
F
Orthopaedic surgeons deal with the formation of free radicals every time they implant a cemented prosthesis or make an incision. Tourniquets are commonly applied to reduce blood loss and obtain a clearer surgical field. When the tourniquet is released, excessive formation of free radicals follows during reperfusion and oxygenation. Free radicals induce endothelial dysfunction and infiltration of neutrophils which are responsible for ischaemia-reperfusion injury. 1 In a previous study we showed that the production of free radicals increases significantly between five and 20 minutes after the release of the tourniquet following total knee replacement (TKR). 2 In clinical practice, ischaemiareperfusion injuries are dangerous in elderly patients undergoing TKR, because they are associated with an increase in perioperative pulmonary and cardiovascular complications. 3 The release of oxygen-free radicals and leukocyte activation play a central role in the pathophysiological sequelae of reperfusion injury. 4 The cytotoxic effects of reactive oxygen species (ROS) are the initiation of peroxidation of polyunsaturated fatty acids in membrane or plasma lipoproteins, and the direct inhibition of mitochondrial respiratory chain enzymes. 5 Lucigenin chemiluminescence (CL) analysis can detect the generation of ROS and metabolites which emit light including the initial product, superoxide (·O 2 -), other oxygen metabolites such as H 2 O 2 , ·OH and HOCl. The formation of lipid peroxides after the production of ROS in reperfusion injury can be measured by malondialdehyde (MDA) 6 or by the specific lipid peroxidative product, phosphatidylcholine hydroperoxide (PCOOH). 7 In bilateral TKR, the application and release of tourniquets are usually undertaken sequentially and may cause sequential ischaemia-reperfusion injuries. It is reported that there is a prevention effect after ischaemic precondition (IPC) and previous ischaemia-reperfusion can attenuate the resultant ischaemia-reperfusion injury. It has been suggested that IPC has a cardioprotective capacity in various experimental models. 8, 9 In man, IPC has been reported to have a protective effect on endothelial injury and to inhibit systemic neutrophil activation. 10 Remote preconditioning may also be beneficial. The size of a myocardial infarct is said to be less if it occurs after an ischaemic event in another organ or a remote part of the body. 11 We designed our study to observe the production of free radicals and the subsequent lipid peroxidation damage in THE JOURNAL OF BONE AND JOINT SURGERY patients who had bilateral TKR with sequential tourniquet application under spinal anaesthesia. The goal was to determine whether sequential tourniquet application affects reperfusion injury.
Patients and Methods
Having obtained the hospital committee's ethical approval and the patients' informed consent, we studied 12 ASA I-II patients who were undergoing bilateral TKR using sequential tourniquets. We inserted a 22-G intra-arterial catheter with heparin lock in the contralateral arm with an intravenous line for blood sampling. Intrathecal spinal anaesthesia was induced using 10 to 12 mg of 0.5% bupivacaine. Tourniquets were applied sequentially at a pressure approximately twice the systolic arterial pressure. Blood samples (5 ml) were obtained after spinal anaesthesia, at one minute before release of the tourniquet and at five and 20 minutes after each release of the tourniquet (reperfusion) (Fig. 1) .
CL measurement for ROS production. 12 The samples were kept on ice in the dark and usually assayed within two hours. CL was measured in a completely dark chamber. Following determination of the background level for 100 seconds, 1.0 ml of 0.1 mM lucigenin in phosphate-buffered saline (pH 7.4) was injected into the sample. The CL was continuously monitored for an additional 600 seconds, integrating the area under the curve and subtracting it from the background level to calculate the total CL. The phosphotidylcholine hydroperoxide (PCOOH) assay. For plasma PCOOH measurement we used the methods of Miyazawa, Yasuda and Fujimoto. 13 We chose chemiluminescence-high performance liquid chromatography (CL-HPLC) because of its specificity and sensitivity to hydroperoxides. 14, 15 Briefly, the total lipids were extracted from 0.5 ml of plasma, added to 2 ml of a mixture of chloroform and methanol and mixed vigorously. The extraction was repeated and the chloroform layer collected. After dehydration and evaporation of the combined chloroform layer, the total lipid residue was diluted with 40 µl of chloroformmethanol in preparation for CL-HPLC. Chemiluminescence was produced through luminol oxidation during the reaction between PCOOH and cytocrome c. The data were expressed as the mean (± SEM) of the PCOOH level. Statistical analysis. The data were compared by Friedman repeated measures analysis of variance on ranks. There was a statistically significant difference if the differences in the median values among the treatment groups were greater than would be expected by chance. In order to isolate the groups which differ from the others, multiple comparisons were made according to the Student-Newman-Keuls method. Differences were considered significant when p < 0.05. T1  T2 T3  T4  T5  T6 2nd tourniquet Fig. 1 The time sequence of the tourniquet application and blood samplings in patients undergoing TKR under ischaemic tourniquet. 
Results
The demographic data and duration of ischaemic times are shown in Table I . The time sequence of tourniquet applications and blood sampling is shown in Figure 1 . The data of the production of ROS are shown in Figure 2 . Whole blood ROS production significantly increased at five and at 20 minutes after the release of the first tourniquet and five minutes after the release of the second tourniquet (p < 0.001), but returned to normal at 20 minutes after the second reperfusion. The peak production of ROS is seen at 20 minutes after the first reperfusion. The change of PCOOH is shown in Figure 3 . Plasma PCOOH did not change significantly throughout the study.
Discussion
The main finding in our study was that there is an IPC effect on the production of free radicals when tourniquets are applied sequentially to each leg being operated upon. We have shown in a previous study that there is a significant increase in ROS five minutes after reperfusion with a peak reading at 20 minutes after reperfusion following unilateral surgery. 2 In this study, production of ROS began to decrease quickly and returned to baseline levels 20 minutes after the second reperfusion. It was also shown that free radicals reached a higher level after release of the tourniquet than that associated with the stress on incision under spinal anaesthesia. The second finding was that sequential application of the tourniquet did not produce a greater oxidative injury, measured by PCOOH, a marker of oxidative stress. Willy et al 16 demonstrated post-ischaemic DNA damage in human leukocytes, which is most pronounced between five and 30 minutes after release of the tourniquet. It then declined over a period of two hours but did not return to baseline levels as measured by flow cytometry. 16 This indicates that the second ischaemia-reperfusion did not produce more free radicals. The mechanism of IPC relating to the first reperfusion may be an increase in the antioxidant capacity with resetting of the oxidant/antioxidant balance. The inconsistency in the changes between lipid peroxidation and ROS production may be due to higher PCOOH levels observed in more elderly patients than in a younger group. 17 Increased peroxidative stress is also observed in ageing endothelial cells in vitro. 18 Our findings do not exclude a protective role for IPC because lipid peroxidation, as measured by MDA levels after release of the tourniquet was shown to increase in a previous study of a younger group. 6 In clinical practice, blood loss and other medical conditions should also be taken into consideration in the elderly patients.
In our study, initial ROS production was measured by CL, and the peroxidative injury was measured by PCOOH assay. In previous studies, chemiluminescence was used as a sensitive assay for monitoring free radicals and reactive oxygen metabolites from enzyme, cell or organ systems. 19 Considering the total ROS production, chemiluminescence may be more convenient than measuring the toxic metabolites such as MDA and PCOOH, although they also proved to be a useful indicator of free radical induced lipid peroxidation. 20 Postischaemic reperfusion injury is a source of substantial morbidity and mortality in many fields of medicine. ROS production after ischaemia-reperfusion injury may cause severe pulmonary complications and induce cardiovascular reflex of great danger to patients of advanced age undergoing major surgery. 21 It is important to understand the mechanism of production and dissipation of free radicals and how this adverse effect can be controlled. 
